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Physics, Trieste, Italy; and §Department of Physics, University of Washington, Seattle, WashingtonABSTRACT We calculate partition coefﬁcients of various chain anchors in liquid-ordered and liquid-disordered phases utilizing
a theoretical model of a bilayer membrane containing cholesterol, dipalmitoyl phosphatidylcholine, and dioleoylphosphatidylcho-
line. The partition coefﬁcients are calculated as a function of chain length, degree of saturation, and temperature. Partitioning
depends on the difference between the lipid environments of the coexisting phases in which the anchors are embedded. Conse-
quently, the partition coefﬁcient depends on the nature of the anchor, and on the relative compositions of the coexisting phases.
We ﬁnd that saturated anchors prefer the denser liquid-ordered phase, and that the fraction of anchors in the liquid-ordered
phase increases with increasing degree of saturation of the anchors. The partition coefﬁcient also depends upon the location
of the double bonds. Anchors with double bonds closer to the middle of the chain have a greater effect on partitioning than those
near the end. Doubling the number of saturated chains increases the partitioning into the liquid-ordered phase for tails that are
nearly as long or longer than those comprising the bilayer. Partitioning of such chains increases with decreasing temperature,
indicating that energy considerations dominate entropic ones. In contrast, partitioning of shorter chains increases with increasing
temperature, indicating that entropic considerations dominate.INTRODUCTIONOne of the most interesting, and controversial, models of
biological membranes posits that they are not composition-
ally homogeneous, but that aggregates of saturated lipids
and cholesterol float, like rafts, in a sea of unsaturated lipids
(1–6). A further hypothesis is that the rafts and the sea are in
fact domains of two coexisting phases denoted liquid-
ordered (lo) and liquid-disordered (ld), respectively (7).
Coexistence of two liquid phases is, indeed, commonly
observed in model membranes that consist of a ternary
mixture of saturated and unsaturated lipids and cholesterol
(8). One reason for the great interest in this picture is that
an inhomogeneous membrane would provide a substrate
within which different proteins would be enriched, either
in the rafts or in the sea, thereby increasing their efficacy.
This enrichment follows from the different hydrocarbon
chains that anchor many membrane proteins: extracellular
anchors attached to the membrane via a glycophosphatidyli-
nositol anchor that bury two such chains into the noncyto-
plasmic monolayer, intracellular anchors attached to the
cytoplasmic monolayer by means of a single chain often
derived from saturated myristic or palmitic acid, or from a
bulky and unsaturated prenyl group. Presumably saturated
anchors prefer the environment of the raft (i.e., liquid-
ordered phase), rich as it is in saturated lipids, whereas
unsaturated and/or otherwise bulky anchors prefer the envi-
ronment of the sea of unsaturated lipids (i.e., liquid-disor-
dered phase). To test this hypothesis, systems of lipids and
lipidated peptides have been studied to determine the effectSubmitted October 22, 2009, and accepted for publication January 19, 2010.
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peptides’ partition coefficient, i.e., the ratio of their concen-
tration in the lo phase to that in the coexisting ld phase
(9–15). These studies have found that the partitioning into
the lo phase is greatest for saturated multichain anchors.
The partitioning increases with increasing degree of satura-
tion and/or number of saturated chains. The results also
indicate that temperature has a greater effect on the partition-
ing of longer carbon chain anchors (16).
As intriguing as the phase-separation hypothesis is for
understanding the heterogeneity of biological membranes,
there are several competing theories. (Two excellent reviews
on this topic can be found in Hancock (17) and Semrau and
Schmidt (18) and their cited references.) One suggestion is
that rafts be identified with the fluctuations that arise in a
ternary fluid mixture that contains an interfacially active
agent, as in a microemulsion (17,19,20). Another arises
from a recent experiment (21), which suggests that mem-
branes could be close to a miscibility critical point. This
would imply the existence of strong composition fluctuations
within the system: fluctuations that could be identified as
rafts. The existence of a critical point suggests another possi-
bility. Suppose that the system were in a one-phase region,
say the ld phase, but not far from ld-lo coexistence. If an
array of proteins that favored the lo phase were introduced
into the system, then it is likely that they would induce a
wetting transition at coexistence. In fact, before the misci-
bility critical point is reached along coexistence, such a
transition has to occur according to Cahn’s well-known argu-
ment (22,23). Off of coexistence, there would be a region of
lo-like fluid surrounding any such protein. This is a region in
which the radius would be finite, because the system is off ofdoi: 10.1016/j.bpj.2010.01.036
1884 Uline et al.coexistence (so that the lo phase is not thermodynamically
stable), and because the proteins are not in an array (24)
(i.e., they occur as monomers or in small clusters). There
are also dynamic models of raft formation (25) that, biolog-
ically, take recycling and diffusion into account.
Given this controversy on the nature and existence of rafts,
it would be very useful to calculate the partition coefficient
within the phase separation hypothesis and a model system,
and to determine its variation with the architecture of the
anchor. To do so, of course, requires not only a reasonable
description of the anchors, but also a model that produces co-
existing liquid-ordered and liquid-disordered phases. Such
a model would be comprised of a minimum of three compo-
nents: saturated lipids, unsaturated lipids, and cholesterol.
We have carried out such a program. The partition coeffi-
cients are calculated as a function of chain length, degree
of saturation, and temperature. Perhaps our most important
observation is model-independent: that the partitioning
depends strongly on the lipid environment in which the
anchors come into contact, and therefore the partition coeffi-
cient depends not only on the nature of the anchor, but, for
a given anchor, must also depend on the overall composition
of the system. This composition determines the difference in
concentrations of the components in the coexisting lo and ld
phases. Such differences can be infinitesimal, such as at a
critical point (21,26). In this case, the partition coefficient
must be unity, or the differences between lo and ld phases
can be large (in which case, the partition coefficient may
differ substantially from unity).
From our theoretical model-membrane system, we report
calculated partition coefficients for single chains of various
lengths and saturation and for a few cases of double-chained
molecules. The results reproduce the observations that parti-
tion coefficients increase with chain length and degree of
saturation. They also predict that variation of the length of
the anchors, which are short compared with those making
up the bilayer, has little effect on the partition coefficient,
and that double bonds located near the ends of chains have
less effect than those near the middle.MODEL TERNARY SYSTEM
We consider a fluid, planar, symmetric lipid bilayer of
thickness L. This is composed of a ternary system of choles-
terol, a lipid with two saturated hydrocarbon chains of 16
carbons, C16:0, such as dipalmitoylphosphatidylcholine
(DPPC), and a lipid with two monounsaturated hydrocarbon
chains of 18 carbons, C18:1, such as dioleoylphosphatidyl-
choline (DOPC). The chains are described by Flory’s Rota-
tional Isomeric States Model (27,28) in which each CH2
group is in one of three configurations: the lowest energy
trans, or the gauche-plus or the gauche-minus (both of which
are of an energy, 500 cal/mol, greater than that of the trans
configuration). These states are thermally populated. There
are N molecules of which a fraction, xc, is cholesterol; xs,Biophysical Journal 98(9) 1883–1892saturated lipid; and xu, unsaturated lipid. When necessary,
we indicate molecules in the inner leaflet by a subscript
(in) and those in the outer leaflet by (o). We treat separately
the contributions to the free energy arising from the lipid
hydrocarbon chains and from the polar headgroups. From
our mean-field theory, we write the total free energy per
molecule, fh F/N, in the form of a sum of the two intralayer
free energies and a coupling between them,
bf ðT; a; xs; xu; xcÞ ¼
X
d¼ in;o
bfd þ bfcoupl; (1)
where b ¼ 1/kBT. The intralayer free energies arise from the
interaction of the chains with the polar headgroups and
external water; from the entropy of mixing of the three
components; from the free energy arising simply from the
many different configurations of the single chains; and
from an interaction between chains in the same leaf. These
four contributions are written
bfdhbg0a þ
X
i¼ s;u;c
xi
2
ln

xil
2
i =a
 þ bfconfig;d þ bforient;d; ð2Þ
where g0 is the water-hydrocarbon interfacial free energy,
and a is the molar area of the midplane of the bilayer, the
total volume of the bilayer divided by its thickness L:
aðxs; xu; xc;LÞ
¼ 2xsnsðns þ 1Þ þ 2xuððnu  1Þns þ 2nCHÞ þ xcncnc
L
:
Here ns, nCH, and nc are the volumes of a CH2 unit, of half a
–CH¼ CH– unit, and of each carbon unit in cholesterol. The
thermal wavelength of the ith component is denoted li.
The configurational free energy of the chains is
bfconfig;dh
X
i
xi
2
ntailsi
X
ai;d
Pi;dðai;dÞðln Pi;dðai;dÞ þ beðai;dÞÞ;
(3)
where ntailsi is the number of tails of species i; i.e.,
ntailss ¼ ntailsu ¼ 2; ntailsc ¼ 1:
Further P(aj, d) is the probability of finding the chain of
molecular species j in leaf d in a particular conformation
specified by the index aj, d, one with a total internal energy
e(aj, d). The internal energy arises from the gauche bonds
whose energies exceed that of the trans configuration.
The orientational interaction between chains i and j in the
same leaf is written
bforient;dh
X
i
X
j
bJi;j
xi
2
xj
2
ntailsi n
tails
j
2ans
Z 
xi;dðzÞ

xj;dðzÞ

dz;
(4)
where hxi, d(z)i is the ensemble average of the local density of
bonds weighted by their relative orientation to the bilayer
normal.
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FIGURE 1 The phase diagram of the DPPC (S), DOPC (U), and choles-
terol (C), lipid bilayer at 290 K as obtained from our model. The region
of the gel phase is denoted G, that of the liquid-ordered phase is denoted
lo, and the liquid-disordered phase, ld. Bold lines represent the phase bound-
aries. Tie lines connect points at compositions in coexistence with one
another. The stars represent the location where the calculations for the
partition coefficient took place for T ¼ 290 K. The region of three-phase
coexistence is denoted 3. Parameters are Jll¼ 3.1 103 kBT*(T*¼ 315 K),
Jlc ¼ 0.85 Jll, and Jcc ¼ 0.80 Jll.
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leaves is due to the interaction between chains that overlap
near the midplane. It is of the same form as the interaction
between chains within the same leaf,
bfcoupl ¼ 
X
i
X
j
bJi;j
xi
2
xj
2
ntailsi n
tails
j
ans
Z 
xi;oðzÞ

xj;inðzÞ

dz:
(5)
In sum, the free energy of the system is given by Eqs. 1–5.
The two leaves are not only coupled explicitly by this
interaction but also implicitly by the fact that these overlap-
ping chains each contribute to the volume of the hydrophobic
region, a region whose density we constrain to be constant
(i.e., that it be incompressible). The constant density implies
a dz ¼
X
i;d
xi
2
ntailsi hni;dðzÞidz (6)
for 0 < z < L, where hni, d(z)i is the ensemble-averaged
contribution to the volume of the hydrophobic core at z
from the molecules of species i in the leaf d. The constraint
is imposed by means of a local Lagrange multiplier, p(z),
which appears in the probability functions P(ai). They
have the same form for all of the components,
PðaiÞ ¼ 1
qi
exp

 beðaiÞ 
Z
bpðzÞniðai; zÞdz

Z
bbiðzÞxiðai; zÞdz

; (7)
where qi is the conformational part of the partition function
of a single chain of component i
qi ¼
X
ai
exp

 beðaiÞ 
Z
bpðzÞniðai; zÞdz

Z
bbiðzÞxiðai; zÞdz

: (8)
The mean-fields bbi(z) act upon the orientation of a molecule
of species i at the coordinate z and result from the average
orientational interactions arising from the other molecules.
They are determined by the equations
bblðzÞdz ¼  bJllxs
ans

xs;oðzÞ
 þ xs;iðzÞdz
 bJllxu
ans

xu;oðzÞ
 þ xu;iðzÞdz
 bJlcxc
2ans

xc;oðzÞ
 þ xc;iðzÞdz:
(9)
The fields acting on saturated or unsaturated lipids are
identical,
bbsðzÞdz ¼ bbuðzÞdzhbblðzÞdz;
whereas the field acting on the cholesterol orientation is
distinct and is given bybbcðzÞdz ¼  bJlcxs
ans

xs;oðzÞ
 þ xs;iðzÞdz
 bJlcxu
ans

xu;oðzÞ
 þ xu;iðzÞdz
 bJccxc
2ans

xc;oðzÞ
 þ xc;iðzÞdz:
(10)
Equations 6, 9, and 10 comprise the set of self-consistent
equations whose solution yields the equilibrium values of
the fields p(z), bl(z), and bc(z) from which all densities,
and the free energy follows. Further details of the model
and its solution can be found in Appendix A.
The model produces a phase diagram that exhibits three
phases: one rich in cholesterol and saturated lipids, which
we identify with the liquid-ordered (lo) phase; one rich in
unsaturated lipids, which we identify with the liquid-
disordered (ld) phase; and one consisting almost entirely of
saturated lipids, the gel phase. The phase diagram at 290
Kelvin (K) is shown in Fig. 1. This figure, along with
Fig. 2 of Elliott et al. (29), is in good qualitative agreement
with the experimental phase diagrams for the DPPC,
DOPC, and cholesterol mixture presented in Davis et al.
(16), and with the PSM, DOPC, and cholesterol mixture
determined by de Almeida et al. (30). Marsh (6) presents
several other experimental, three-component phase diagrams
of the general form that we see in this work. Examples of
such systems presented in Marsh (6) are PSM, POPC, andBiophysical Journal 98(9) 1883–1892
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FIGURE 2 Partition coefficient for various single anchor chains
embedded in a membrane consisting of model DPPC, DOPC, and choles-
terol. The mole fractions of the chain anchors in the liquid-order and
liquid-disorder phases are xlo and xld, respectively. The number of carbons
in the chain is n. (A) The temperature is 290 K. The concentrations of the
lo phase are xc ¼ 0.48, xs ¼ 0.30, and xu ¼ 0.22, whereas those of the ld
phase are xc ¼ 0.27, xs ¼ 0.21, and xu ¼ 0.52. (B) The temperature is
300 K. The concentrations of the lo phase are xc ¼ 0.52, xs ¼ 0.26, and
xu ¼ 0.22, whereas those of the ld phase are xc ¼ 0.32, xs ¼ 0.22, and
xu ¼ 0.46.
1886 Uline et al.cholesterol along with DPPC, POPC, and cholesterol, and
DSPC, SOPC, and cholesterol.THE PARTITION COEFFICIENT
We now add to the ternary mixture an infinitesimal amount
of a fourth component, A—an anchoring molecule whose
coefficient of partition between coexisting lo and ld phases
we wish to compute. The partition coefficient of this mole-
cule between liquid-ordered and liquid-disordered phases
is, by definition,
kA ¼ x
lo
A
xldA
: (11)Biophysical Journal 98(9) 1883–1892The chemical potential of this molecule must be the same in
the coexisting phases, and from this condition, we obtain the
partition coefficient. We start by decomposing the chemical
potential of the added molecule as
bmA ¼ ln xA þ b~mA;
where b~mA is that part of the chemical potential that does not
depend upon the concentration of the added molecule. From
the equality of the chemical potential in the coexisting
phases, we obtain
kA ¼ x
lo
A
xldA
¼ exp

b~mldA  b~mloA
	
: (12)
In Appendix B the chemical potential of an anchoring mole-
cule, with a number of chain anchors,ntailsA , is derived
following the potential distribution theorem (31). It is given
exactly by
bmA ¼ ln xA þ ln


l2A
2a

 ln
X
a
hexpðbuAÞiN1; (13)
where h.iN–1 represents the ensemble average of the Boltz-
mann factor of the anchor molecule. The average is over all
the configurations of the three-component system in the
absence of the anchor. The sum over a is a sum over all of
the conformations of the inserted anchor molecule, uA is
the total energy of interaction experienced by the inserted
chain anchor molecule, and lA is its de Broglie wavelength.
As the ensemble average cannot be readily evaluated, we
approximate it from our mean-field calculation. The expres-
sion for this chemical potential in our model is derived in
Appendix B and is found to be
bmA ¼ ln xA þ b~mA; (14)
¼ ln xA þ ln


l2A
2a

 ln
YntailsA
k¼ 1
qk; (15)
where qk(T, a, xs, xu, xc) is the configurational part of the
partition function of the chain anchors that excludes their
translational degrees of freedom. Because the concentration
of the anchor is infinitesimal, the partition function is inde-
pendent of its concentration. From the equality of the anchor
chemical potential in the coexisting phases, Eq. 12, we
immediately obtain
kA ¼ x
lo
A
xldA
¼
alo
QntailsA
k¼ 1
qk

T; alo; xlos ; x
lo
u ; x
lo
c

ald
QntailsA
‘¼ 1
q‘

T; ald; xlds ; x
ld
u ; x
ld
c
; (16)
where alo and ald are the area per molecule in the liquid-
ordered and -disordered phases, respectively. The necessary
partition functions can be calculated in a manner similar to
Partition Coefﬁcients of Lipid Anchors 1887those of the other three components. The configurational part
of the partition function for a chain anchor embedded in the
outer leaf of a membrane in the ld phase is
qA

T; ald; xlds ; x
ld
u ; x
ld
c
 ¼ X
aA;o
exp

 beðaA;oÞ
 b
Z 
pldðzÞnAðaA;o; zÞ þ bldl ðzÞxA;oðaA;o; zÞ

dz

;
(17)
where the fields bpldðzÞ and bbld1 ðzÞ are known from the
ternary system and do not have to be recalculated. A similar
expression obtains for a chain embedded in the coexisting lo
phase.
Because the partition functions depend upon the concen-
trations in the coexisting phases, it is clear from Eq. 16 that
the partition coefficient must also depend upon these concen-
trations. In fact, there are some limiting behaviors that one
can determine without further calculation. The most simple
behavior obtains when the system approaches a critical point.
Because the difference in the lipid compositions of the coex-
isting phases vanishes as the critical point is approached, the
partition coefficient must approach unity there.
As a second example, suppose that the ternary system
phase separates into lo and ld phases with saturated lipid
concentrations xlos , and x
ld
s . If one were to add an identical
two-tailed saturated lipid to this system, its partition coeffi-
cient would obviously be given by k ¼ xlos =xlds . If we
consider an anchor with these same two tails, then to the
extent that its partition coefficient is dominated by the hydro-
carbon tails, we expect its partition coefficient to be the
same. Further, in a homologous series of saturated, two-
tailed anchors (di Cm:0) with the two-tailed saturated lipids
of the membrane being characterized by the integer mmem,
we not only expect the partition coefficient kA(m) to take
the value xlos =x
ld
s for m ¼ mmem but also to approach this
value smoothly as m approaches mmem. Because the coexist-
ing concentrations of lipids depend upon the overall concen-
tration of the system, the partition coefficient of this anchor
must also depend upon the overall composition of the
system, and not just on the components of which it is
comprised.
A further result, valid within mean-field theory, can be
derived concerning the effectiveness of multiple anchors
compared to a single anchor; that is, the relation between
the partition coefficient of an anchor with multiple chains
as compared to an anchor with a single chain. From Eq. 16,
one finds easily that
kA

nchainsA
 ¼ ald
alo
ðnchainsA 1Þ
½kAð1Þn
chains
A ; (18)
which shows how much more effective a multichain anchor
can be in effecting a large partition of protein.
Lastly, within the same mean-field approach, one also
finds that the partition coefficient of an anchor with twodifferent chains, say a saturated one and an unsaturated
one, ksu, is related to the partition coefficients of anchors
with two of the saturated chains, kss and two of the unsatu-
rated chains, kuu, according to
ksu ¼ ½ksskuu1=2: (19)
We treat the anchors on the same level of approximation as
the lipids in the lipid bilayer. The exact chemical architecture
of the linkers in the anchor is not taken into account explic-
itly, just as the glycerol carbon backbone is not taken into
account explicitly within our models of DPPC and DOPC.
The lipid bilayer and the anchor chains are ultimately taken
to be independent, and the field variables are solved for in
a mean-field manner so that everything is treated within
the same level of approximation. It is also important to
note that we assume that the partitioning of molecules that
have these lipid anchors is dominated by the partitioning
of the lipid anchors themselves. We only treat the chains
of the lipids explicitly, and we treat the absorbing molecules
at the exact same level of approximation. We could consider
the entire adsorbing molecule along with the headgroups of
the lipids explicitly in this theory; however, that is currently
beyond the scope of this work.
As can be seen from our derivation of the partition coeffi-
cient in Appendix B, we perform these calculations in the
infinite-dilution limit, and therefore the chains of the anchor
have no effect on the structure of the equilibrium lipid
bilayer. Were one interested in the effects of a large concen-
tration of anchors, one would have to consider a mixture of
four components by means of a straightforward, but tedious,
extension of the calculation presented here. Given the
agreement found with experiments, we believe that infinite
dilution is a good approximation.RESULTS AND DISCUSSION
We have calculated the partition coefficients of various
anchors between lo and ld phases that are in coexistence
with one another at a temperature of T ¼ 290 K and of
T ¼ 300 K. We first focus on the results for T ¼ 290 K.
We choose a coexistence of lo phase characterized by an
area per molecule of 46.28 A˚2 and an ld phase characterized
by 59.20 A˚2. The concentrations of the lo phase are
xc ¼ 0.48, xs ¼ 0.30, and xu ¼ 0.22, whereas those of the
ld phase are xc ¼ 0.27, xs ¼ 0.21, and xu ¼ 0.52. The parti-
tion coefficients for several single-chain anchors are shown
in Fig. 2 A as a function of the chain length n. The notation
Cm: k cp1, ., pk indicates a Cm chain that contains k cis
double bonds. The positions of the double bonds in the Cm
chain are given by p1, .pk, where pj indicates that there
is a double bond between Cp and Cpþ1. Thus Cm: 2 c9, 12
is a double-unsaturated chain with cis double bonds between
C9 and C10 and between C12 and C13. Examples of the
molecules with chains described in Fig. 2 are (from top to
bottom, starting on the black curve) myristic acid, C14:0,Biophysical Journal 98(9) 1883–1892
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FIGURE 3 Partition coefficient for various double-chain anchors
embedded in amembrane consisting ofmodelDPPC,DOPC, and cholesterol.
Themole fractions of the chain anchors in the liquid-order and liquid-disorder
phases are xlo and xld, respectively. The number of carbons in the chain is n.
The stars represent the values of the partition coefficient in the bulk lipid
bilayer. (A) The temperature is 290 K. The concentrations of the lo phase
are xc ¼ 0.48, xs ¼ 0.30, and xu ¼ 0.22, whereas those of the ld phase are
xc¼ 0.27, xs¼ 0.21, and xu¼ 0.52. (B) The temperature is 300K. The concen-
trations of the lo phase are xc¼ 0.52, xs¼ 0.26, and xu¼ 0.22, whereas those
of the ld phase are xc ¼ 0.32, xs ¼ 0.22, and xu ¼ 0.46.
1888 Uline et al.and stearic acid C18:0; (on the red curve) oleic acid C18:1 c9
and palmitoleic acid C16:1 c9; (on the green curve) linoleic
acid C18:2 c9, 12; (on the blue curve) a-linoleic acid C18:3
c9, 12, and 15; (on the magenta curve) g-linolenic acid
C18:3 c6, 9, and 12; and (on the brown curve) arachidonic
acid C18:4 c5, 8, 11, and 14.
We note that several trends observed in experiment
(9,32,33) are reproduced here. In particular, the partition
coefficients for the saturated anchors increase with the length
of the anchor chain provided only that the chains are longer
than 11 carbons. The rate of increase is not uniform. Indeed,
we observe that saturated chains of length 18 and 20 partition
equally, just as observed in experiment (9). We find that the
partition coefficient increases with increasing degree of satu-
ration, again in agreement with experiment (9). One also
notes from a comparison of the results for Cm:3 c9, 12,
and 15 and Cm:3 c6, 9, and 12 that the location of the double
bonds affects the partition coefficient. In particular, it is
larger if the double bonds are nearer the ends of the chain.
Presumably, this is because the order parameter, even of
the saturated chains comprising much of the bilayer,
decreases toward the end of the chains. Thus, double bonds
of the anchor disturb the lo phase less when they are close to
the chain ends.
We have also calculated partition coefficients for three
classes of double-tailed anchors: those with two saturated
chains, di-Cm:0; those with one saturated and one monoun-
saturated chain, Cm:0 – Cm:1 c9; and those with two mono-
unsaturated chains, di-Cm:1 c9. The results are shown in
Fig. 3 A. As expected, the partition coefficient of the diunsa-
turated chains is least; that of the mixed chains is larger, and
that of the disaturated chains is largest. We note, however,
that the differences are small. The value of the partition coef-
ficient of di-C16:0 is 1.43 and is shown by a star in the figure.
This value corresponds to the partition coefficient of DPPC
in the equilibrium bilayer which, from the concentrations
given above, is xlos =x
ld
s ¼ 0:30 :0:21 ¼ 1:43. The agreement
is to be expected, as stated earlier and shown explicitly
in Appendix B. The value of the partition coefficient of
di-C18:1 c9 is 0.42, also shown by a star in the figure, and
corresponds to the partition coefficient of DOPC in the
equilibrium bilayer, xlou =x
ld
u ¼ 0:22 :0:52 ¼ 0:42.
To study the effect of temperature on the partition
coefficient, we repeat our calculations for a temperature of
T ¼ 300 K. We choose a coexistence at which the lo phase
has an area per molecule of 47.0 A˚2, and concentrations
of xc ¼ 0.52, xs ¼ 0.26, and xu ¼ 0.22, whereas the ld
phase has the larger area per molecule of 59.90 A˚2, and
concentrations xc ¼ 0.32, xs ¼ 0.22, and xu ¼ 0.46. These
concentrations are close, but not identical, to those at the
lower temperature. The results for the single chain anchors
are presented in Fig. 2 B and those for the double tails are
presented in Fig. 3 B. The value of the partition coefficient
of DPPC at this temperature is 1.18. The fact that the parti-
tion coefficient of DPPC decreases with increasing tempera-Biophysical Journal 98(9) 1883–1892ture for saturated chains >12 carbons is to be expected from
our observation that the coefficients are directly related to the
concentrations of the components of the membrane, and that
the difference in concentrations between coexisting phases
decreases with increasing temperature for long saturated
chains. Indeed, our result is consistent with the experimental
results of Davis et al. (16), as shown in their Fig. 11. The
effect on the partition coefficient both of temperature and
of multiple anchors on the partition coefficient is shown
in Fig. 4. The effect of temperature on the partition coeffi-
cient is dependent on the length of the saturated chains
relative to those that are a major component of the bilayer
itself. According to Fig. 4, the partitioning into the lo
phase of saturated chains longer than 11 carbons increases
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FIGURE 4 Partition coefficient for various saturated chain anchors
embedded in a membrane consisting of model DPPC, DOPC, and choles-
terol. The temperatures are 290 K and 300 K.
Partition Coefﬁcients of Lipid Anchors 1889with decreasing temperature, indicating that energetic
considerations dominate entropic ones. However, for
saturated chains shorter than 10 carbons, this partitioning
increases with increasing temperature, indicating that
entropic considerations are dominant. This is in accord
with the work of deGennes (34) on the chain-length depen-
dence of the adsorption of one polymer into a layer of
another. Temperature has very little effect on the partitioning
of unsaturated chains as can be seen from a comparison of
Fig. 2, A and B, for single chain anchors and Fig. 3, A and
B, for double tail anchors.
Another commonly studied double-chain anchor motif
that we have considered is C 18:0–C20:4c 5, 8, 11, and 14,
which corresponds to a GPI-anchored protein. At a tempera-
ture of T ¼ 300, we obtain a partition coefficient of 0.24.
The experimental results for this anchor are that ~20–30%
associate with the liquid-order phase (12). To compare our
partition coefficient value with this number, we have to
take into account that the partition coefficient gives the
mol fraction of the chain anchors in the lo phase relative to
the mol fraction of the chain anchors in the ld phase, not
the fraction of the total amount of the chain anchors in one
phase. However, a simple calculation shows that the fraction
of anchor in the lo phase, fA, is related to the partition
coefficient by
fA ¼ N
lo
A
NloA þ NldA
¼ kA
Alo=Aldðald=aloÞ
1 þ kA
Alo=Aldðald=aloÞ; (20)
whereAlo=Ald is the ratio of the extensive areas of the lo and
ld phases. This ratio depends upon the average composition
of the system and the phase diagram according to the usual
lever rule. If we take the extensive area of the lo phase to
be equal to that of the ld phase, we find that 23% of this chain
anchor molecule associates with the lo phase, which is well
within the experimental range. The 20–30% value obtainedin Kahya et al. (12) is for the human placental alkaline
phosphatase (PLAP) GPI-anchored protein. PLAP has been
extensively reported as a membrane protein with a very
high affinity for the lo phase (>95%, according to (17)).
This conclusion was mainly drawn from detergent-resistant
membrane components and the assumption that lo domains
and their associated proteins existing in the model mem-
branes at 37C preserve their compositions under cold-
detergent extraction (17). However, it has been shown via
both experiment and theory that this assumption is not valid
(35). In contrast, the experiment of Kahya et al. (12) uses
florescence microscopy to study the intact membrane of
domain-forming giant unilamellar vesicles and this provides
a much more reliable measure of the partitioning of PLAP.
With the use of this same technique, another GPI-anchored
protein, Thy-1, was shown to partition into the lo phase by
at most 40% (36). This result indicates that our calculations
of the partition coefficient are in the experimental range for a
variety of different proteins that are attached to the mem-
brane by the same anchoring motif. This suggests that explo-
ration of the partitioning of lipid anchors themselves is a
good model for the partitioning of proteins that use these
lipids to attach to the membrane.CONCLUSIONS
We have presented the first microscopic model calculation of
the extent to which various common anchors partition them-
selves between liquid-ordered and liquid-disordered phases.
The partition coefficients are calculated as a function of
chain length, degree of saturation, and temperature. We
find excellent qualitative agreement between theory and
experiment: i.e., that the partitioning into the lo phase is
the least for highly unsaturated chains and increases as the
degree of saturation increases; that the partitioning of satu-
rated chains increases with their length provided their length
is comparable with the chains of the bilayer; and that the par-
titioning of saturated chains into the liquid-ordered phase
increases with decreasing temperature, but that the tempera-
ture has little effect on the absolute values of the partition
coefficient for the shorter saturated chains. We found that
the partitioning of short chains increases with increasing
temperature, indicating that their partitioning, in contrast to
that of longer chains, is dominated by entropic effects. We
also found that for unsaturated anchors, the partition coeffi-
cient depends on the location of the double bonds. Unsatu-
rated anchors with double bonds near the chain ends cause
a smaller decrease in the fraction of anchors in the liquid-
ordered phase than anchors with double bonds closer to
the middle of the anchor.
We are also able to predict how the partition coefficient
varies as the number of saturated or unsaturated chains in
the anchor increases. The effect of doubling the number of
saturated chains in an anchor is to increase the partitioning
into the liquid-ordered phase when the tails are nearly asBiophysical Journal 98(9) 1883–1892
1890 Uline et al.long or longer than those comprising the bilayer, but the
effect of doubling the number of saturated tails is minimal
when they are relatively short. Doubling the number of
chains and reducing the temperature has essentially no effect
on the partitioning of unsaturated chains. Lastly, we find that
the partitioning depends on the difference between the lipid
environments of the coexisting phases in which the anchors
are embedded. Consequently, the partition coefficient
depends not only upon the lipid components and the nature
of the anchor, but also upon the relative compositions of
the coexisting phases.APPENDIX A: THE MODEL
Because the model has been presented and explored previously (29), our
description here can be brief. The volume of the monomer unit CH2 is taken
to be ns ¼ 27 A˚3, and that of a CH3 group is 54 A˚3. Each half of the
–CH¼CH– segment of the cis-unsaturated bond is assigned a volume of
nCH ¼ 0.8ns. The number of carbons in each saturated chain is ns ¼ 16,
whereas the number of carbons in each unsaturated chain is nu ¼ 18. The
local orientation of the chain is conveniently specified by the unit normal
to the plane determined by the kth CH2 group,
us;k ¼ drk=jdrkj; drkhrk1  rkþ 1;
with k ¼ 1, . ns – 1. Just as for the lipids, the configuration of the choles-
terol is completely specified by the location of all of its carbon atoms and of
the angles between them. The orientation of the small acyl chain of the
cholesterol is specified in the same manner as for the lipid chains. The orien-
tation of its rigid rings are specified by the unit vector, uc, from the 3rd to the
17th carbon in the molecule, using the conventional labeling, and a normal
vector to the plane of those rings. The number of carbons in cholesterol is
nc ¼ 27, and the volume of the carbons is nc ¼ 21.0 A˚3.
Because the orientational interaction between bonds depends upon the
local orientation of these bonds with respect to the bilayer normal, c, it is
convenient to introduce a function, xs(a, z), that measures the local density
of bonds weighted by their orientation with respect to the bilayer normal
(37),
xiða; zÞdz ¼
Xni1
k¼ 1
ni;kða; zÞgðuk$cÞdz; (21)
where ni, k(a, z)dz is the volume that segment k in molecule i has in confor-
mation a at position z. The function g is chosen to be
gðu$cÞ ¼ ðm þ 1=2Þðu$cÞ2m:
For large m, g z m exp(–mq2), where q is the angle between the two unit
vectors. Matching lipid parameters, we have taken m ¼ 18.
We take the strengths of the local interactions between bonds in lipid tails
to be the same irrespective of whether the bonds are in a saturated or unsat-
urated chain: Jss ¼ Juu ¼ Jsu h Jll. Thus, the difference in free energy
between saturated and unsaturated lipids arises solely from the fact that
the configurations of these lipids differ due to the presence of the double
bond in the unsaturated lipids, not to any explicit difference in interaction
energies.
To evaluate the single-molecule partition functions, qi (Eq. 8), we
generate ~108 configurations of each molecule. We then search the
composition space at a given temperature for phase coexistence. Phase
equilibria is determined by standard thermodynamic equalities (38): that
the chemical potentials of the three components be equal in each phase;
that the surface tensions be equal in each phase; and that the commonBiophysical Journal 98(9) 1883–1892value of the surface tension be zero. The strength of the interaction
between chain segments, Jll, is set such that the calculated main-chain
transition temperature of a lipid with two saturated tails of 16 carbons,
C16:0, is equal to that of dipalmitoylphosphatidylcholine (DPPC),
T ¼ 315 K. This determines that
Jll ¼ 3:1  103 kBTðT ¼ 315 kÞ:
To obtain the best qualitative fit of our phase diagram to those of experiment,
we have chosen
Jlc ¼ 0:85 Jll and Jcc ¼ 0:80 Jll:
For a temperature T ¼ 290 K we obtain the phase diagram shown in Fig. 1.
When we choose T¼ 300, we obtain a phase diagram very similar to that
shown in Fig. 2 of Elliott et al. (29) for that temperature. Our parameters
differ from those of Elliott et al. (29) because we have included the transla-
tional entropy in the free energy, and because we employ an order-of-magni-
tude more configurations for each molecule. Fig. 2 of Elliott et al. (29) also
includes a plot of the order parameters of the saturated tails in the three
phases, lo, ld, and gel, which coexist at the triple point.APPENDIX B: CHEMICAL POTENTIAL
The chemical potentials of the three components that comprise the bilayer
can be calculated by taking the appropriate derivative of the free energy
with respect to the number of molecules,
mi ¼


vFmft
vNi

T;A;N½i
; (22)
where N[i] means that all of the species except species i are held fixed andA
is the area of the bilayer. Because the two leaves are identical, there is no
difference between the chemical potentials of species i in either leaf irrespec-
tive of whether the species can interchange between the two leaves. The
expression for the free energy within mean-field theory,
FmftðT;Ns;Nu;Nc;AÞ;
is obtained by substituting the probability distribution functions (Eq. 7) into
the free energy (Eq. 1) and including the incompressibility constraint. We
find that all chemical potentials can be written in the form
bmj ¼ ln
 
xjl
2
j
2a
!
 ntailsj ln qj; j ¼ s; u; c: (23)
In particular, the chemical potential of the two-tailed, saturated lipid compo-
nent of the membrane is
bms ¼ ln


xsl
2
s
2aq2s

: (24)
We now turn to the determination of the chemical potential of the anchors.
There are several ways that it can be determined, and we choose to follow
the method of Widom’s (31) potential distribution theorem. We begin
with the expression of the chemical potential of anchor A as
bmA ¼ ln

QN
QN1

; (25)
where QN is the partition function of the four-component system of N mole-
cules with molecules 1 to Ns corresponding to the saturated lipids, Ns þ 1 to
Nsþ Nu to the unsaturated lipid, Nsþ Nuþ 1 to Nsþ Nuþ Nc¼ N – 1 to the
cholesterol molecules, and the final Nth molecule is the chain anchor
Partition Coefﬁcients of Lipid Anchors 1891molecule (molecule A). Thus, the chain anchor molecule is in the limit of in-
finite dilution. The partition function QN–1 is that of the three-component
system without the chain anchor and thus contains N – 1 molecules. We
separate the partition functions into translational and configurational parts
so that the chemical potential of anchor A isbmA ¼ ln


xAl
2
A
2a

 ln
" R
/
R
expð bUNðr1;.; rnNNÞÞdr1.drnNN
AR / R exp bUN1r1;.; rnðN1ÞðN1Þ		dr1.drnðN1ÞðN1Þ
#
; (26)where ni is the total number of degrees of freedom for the molecule (number
of chain units and the degrees of freedom of the headgroup of molecule i),
and the configurations of the molecules are specified by
r1;.; rnðN1ÞðN1Þ
	
:
The potential energy of the total system can be written as
UNðr1;.; rnNNÞ ¼ UN1

r1;.; rnðN1ÞðN1Þ
	
þ uN

r1;.; rnðN1ÞðN1Þ; rðN;headÞ;a
	
;
(27)
where
uN

r1;.; rnðN1ÞðN1Þ; rðN;headÞ;a
	
is the total energy of interaction experienced by the Nth molecule with its
headgroup at position, (r(N, head)), and the chains of the N
th molecule are
in conformation, a. The total energy of the three-component system without
the chain anchor isUN–1. We can now decompose the configurational part of
Eq. 26 to writebmA ¼ ln


xAl
2
A
2a

 ln
2
4
R
expðbUN1Þdr1.drnðN1ÞðN1Þ
R P
a
expðbuNÞdrðN;headÞ
A R expðbUN1Þdr1.drnðN1ÞðN1Þ
3
5: (28)Because the system is homogeneous, uN is taken to be independent of
r(N, head) so that we can integrate over r(N, head) to give the area of the bilayer
leafletA. We then get the following exact relation for the chemical potential
of the anchor,bmA ¼ ln


xAl
2
A
2a

 ln
X
a
hexpðbuNÞiN1; (29)
where h.iN–1 is a canonical average in the (N – 1)-molecule system, in
which the configurations of the N – 1 molecules are not influenced by the
presence of the Nth test molecule. At this point, we can use the mean field
approximation to calculate the configurational part of the chemical potential.
If there are multiple chain anchors on the absorbing molecules, we assume
that the chains are independent of each other. There are three contributions to
uN: one is the internal energy of the chain, the second is the contribution ofthe incompressibility field, bp(z), and the third is the contribution of the
alignment field, bbl(z). We can now write the chemical potential of an
anchor as

xAl
2 XntailsA X (
bmA ¼ ln A2a 
k¼ 1
ln
aA
exp  beðaAÞ
 b
Z
½pðzÞnAðaA; zÞ þ blðzÞxAðaA; zÞdz
)
(30)
¼ ln


xAl
2
A
2a

 ntailsA ln qA; (31)
where ntailsA is the number of chains of the anchoring molecule, and we have
used Eq. 8. This is precisely the same form as the chemical potential of the
components of the bilayer, Eq. 23. Because of this, it is easily seen that the
partition coefficient of an anchor which is identical to either the saturated or
the unsaturated component of the bilayer must be the same as the partition
coefficient of that bilayer component. This stems from the fact that the parti-
tion coefficient is determined from the equality of the chemical potential in
coexisting phases and from the form of the relation between chemical poten-
tial and concentration.This work was supported by the National Science Foundation under grant
No. DMR-0803956 (to M.S.), grant No. CBET-0828046 (to I.S.), and the
National Institutes of Health grant No. NIH GM087016 (to I.S.).REFERENCES
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